Phakopsora pachyrhizi, the causal fungus of soybean rust, was discovered in the continental U.S. in November 2004. The presence of this disease in the U.S. may have an impact on soybean (Glycine max) production, as the current commercial varieties are considered to be susceptible, and the use of one or more applications of fungicides will add additional costs to production. One objective of the USDA-ARS research on soybean rust is to identify soybean germplasm with resistance to the disease. There are over 16,000 soybean accessions in the USDA Germplasm Collection located at the University of Illinois. These accessions were evaluated in a two-tiered inoculation program using a mixture of four P. pachyrhizi isolates in Biosafety Level 3 containment greenhouses the FDWSRU. In the first round of evaluations, 16,595 accessions were rated for rust severity. Of these, 3,215 accessions, based on low visual rust severity or the presence of a red-brown reaction, were selected for a second round of evaluation. After the second round of replicated evaluations of the 3,215 accessions, 805 were selected for further evaluation, again based on low mean visual severity or the presence of a red-brown reaction. Some of these selected accessions have the potential to provide soybean rust resistance genes that may be useful for incorporation into commercial soybean cultivars.
Introduction
Soybean rust, Phakopsora pachyrhizi, may drastically reduce yields and/or increase production costs for U.S. producers. Yield losses have been significant in some countries in Africa, Asia, and South America (6, 12, 15) . The risk to U.S. soybean producers was reviewed in 2003 (9) , and now has become more imminent since the first report of soybean rust in the continental U.S. occurred in November, 2004 (11) .
Specific resistance to P. pachyrhizi is known. Four single dominant genes identified as Rpp 1 , Rpp 2 , Rpp 3 , and Rpp 4 have been reported, and a recent symposium review cites the original sources of the references for these named genes (4). These four genes condition resistance to a limited set of P. pachyrhizi isolates. There are three reactions associated with soybean rust (1). The two resistant reactions include an "immune" (no visible signs or symptoms) and a red-brown reaction (RB). The susceptible reaction is tan (TAN) (Fig. 1) . The immune reaction, where no visible symptoms are observed, has only been reported with Rpp 1 when inoculated with certain isolates, including India 73-1 (1). These single gene sources have not been durable when used in commercial cultivars and are not effective when challenged with additional isolates of P. pachyrhizi (3).
isolate were stored in liquid nitrogen. Prior to inoculation, urediniospores were removed from liquid nitrogen tank, heat shocked at 40°C for 5 min, and hydrated by incubating over water in an enclosed petri plate overnight. Inoculum was prepared by combining equal weights of the four isolates in distilled water with 0.1% Tween 20, vigorously mixing, and then filtering the mixture through a 53 µ nylon screen. Urediniospores were quantified using a hemocytometer and diluted in distilled water with 0.1% Tween 20 to a final concentration 60,000 per ml for inoculation.
Seedlings were inoculated when plants were 14 to 18 days old and evaluated 14 days later. Plants were atomized with 40 ml spore concentrate per flat at 20 psi until runoff several successive times, and placed in dew chambers at 20 to 25°C overnight. Plants were removed from dew chambers and placed in the greenhouse at 20 to 25°C under a 16-h photoperiod and watered from below. Supplemental light was provided by 1000 watt Metalarc lights (Sylvania, Danvers, MA) spaced 0.6 m apart 1.2 m above the bench. Susceptible cultivars (Dwight or Ina) were randomly placed within each set, with at least one susceptible cultivar per every sixth flat. The cultivars were used to evaluate the success of the inoculation and to provide a visual reference for disease severity assessments.
Germplasm Evaluations
Disease severity was evaluated on the first trifoliolate leaf for most accessions; however, the unifoliate leaf was evaluated for a few accessions that were slower in growth. A disease severity scale of 1 to 5, based on lesion density, was used where 1 = no visible lesions, 2 = few scattered lesions present, 3 = moderate number of lesions on at least part of the leaf, 4 = abundant number of lesions on at least part of the leaf, and 5 = prolific lesion development over most of the leaf (Fig. 2) . The presence of TAN, RB, or mixed lesions was also recorded. The TAN lesion was considered a susceptible reaction, while the RB or lack of lesions was considered resistant (1). The mixed reaction was recorded when both RB and TAN lesions were observed on the same leaf, and were considered an RB reaction for part of the data summary.
Preliminary evaluation one (P1).
A total of 16,595 soybean accessions were evaluated as single seedlings in inoculation sets of approximately 1,000 accessions each. Soybean rust severity ranged from one to five with the majority of accessions having a disease severity rating of three or four (Fig. 3) . The RB lesion type was recorded in 1,237 accessions with 9 accessions (1%) rated as a one, 170 accessions (14%) rated as a two, 558 accessions (45%) rated as a three, 410 accessions (33%) rated as a four, and 90 accessions (7%) rated as a five. A total of 3,215 accessions (19%) were selected for a second evaluation. Those that Fig. 2 . Scale used for the visual assessment of soybean rust in the preliminary evaluations of the germplasm in the USDA Soybean germplasm collection. 1 = no visible lesions, 2 = few scattered lesions present, 3 = moderate number of lesions on at least part of the leaf, 4 = abundant number of lesions on at least part of the leaf, and 5 = prolific lesion development over most of the leaf. were advanced to the next level had severity scores of two or less or had RB lesions at any disease severity. All other accessions were not re-evaluated except for a few accessions that had a disease severity of three and appeared to have low spore-producing TAN lesion types.
Preliminary evaluation two (P2).
The P2 evaluation was done in inoculation sets of 300 to 340 accessions each that were replicated three times. Entries were randomized within each replication using a randomized complete block design. If germination was low or if greenhouse conditions did not permit normal disease development, inoculation sets or subsets within an inoculation set were repeated. In the P2 evaluation, severity ranged from 1 to 5 with 58% of the accessions rated between 3.0 and 3.9 (Fig. 4) . RB lesions were recorded on a total of 535 accessions (17%) distributed across all severities. The greatest number of accessions with a RB lesion occurred within a severity range of 3.0 to 3.9, but the ratios of RB to TAN were greater at lower severity ratings. There were 805 accessions selected as potential sources of resistance from the P2 evaluation. These accessions had a mean severity of 2.7 or less, or had an RB lesion recorded from two of three plants evaluated (see Appendix, Table 1 ). Since the accessions were evaluated in several P2 sets that were inoculated and evaluated in different time periods, no comparison among them was made, although in tabular format the accessions are ranked by severity. The distribution of the selected lines ranged from 1 to 4.3 in severity (Fig. 5) . Among these accessions, 486 (60%) had RB or mixed lesion types and 319 (40%) accessions had the TAN lesion type. Of the accessions where the RB lesion type was reported, 321 (66%) had a severity greater than 3.0, while most of the selected accessions with the TAN lesion type had severity ratings from 2.0 to 2.9.
Among the selected accessions, the number of plants evaluated differed, with some accessions having only one or two seedlings evaluated. Although attempts were made to re-evaluate accessions in sets with poor germination or poor disease development, not all accessions produced three plants. Rather than discard potential sources of resistance, those accessions with mean severities of 2.5 or less, and those accessions with RB reactions were selected for further evaluation.
Conclusions
In our study, a two-tiered preliminary screen of 16,595 soybean accessions of the USDA Germplasm Collection has identified accessions that have resistance to soybean rust in seedling evaluations. Some of these accessions had RB lesions, which have been associated with single gene resistance (3), while others had TAN lesions but had low visual rust severity. The accessions with low rust severities may be sources of partial resistance, that may limit infection and/or lesion development, or may be the result of an incompatible reaction similar to that reported in Rpp 1 when challenged with a limited number of isolates.
In the P2 evaluation, three seedlings per accession were evaluated within each inoculation set. However, many accessions have data from more than three seedlings, while other accessions have data from only one or two seedlings. If germination within a set was poor, or if greenhouse conditions did not permit normal development of disease, sub-sets within each inoculation set were replanted and re-evaluated. Accessions with data from fewer than three seedlings from the P2 screen were included for further evaluation if severities were low (less than 2.5) or if they had the RB lesion type. Even though the rust severity was low, further evaluation is needed before these lines can be identified as superior to others on the list. The accessions selected in these preliminary evaluations were inoculated with a mixture of four P. pachyrhizi isolates. These isolates were among the most recent in the soybean rust collection at the FDWSRU, and they were selected to represent a diverse geographic distribution covering three continents in an attempt to challenge the accessions with a broad array of virulence. Since a mixture of isolates was used, none of the accessions selected in this study have been evaluated for race-specific resistance. Race-specific resistance to P. pachyrhizi in soybeans is well documented (3), but it has not been considered durable when these lines were deployed in the field. Single P. pachyrhizi isolate evaluations will need to be done on these accessions in order to evaluate race specificity.
The P1 and P2 preliminary evaluations were done using seedling screens. Under field conditions, soybean rust severity increases after flowering; therefore all the accessions selected in these seedling screens should be evaluated in the field to identify differences in adult plant resistance before they can be considered useful in a breeding program. There is no information correlating severity in a seedling screen with adult plant resistance to soybean rust. Previous resistance sources were identified in field screens in Taiwan and India (1) and confirmed using a single isolate in greenhouse evaluations (1,4). A set of 776 accessions has been identified from the P2 screen. These accessions were planted, by maturity group, in field trials at several locations across the U.S. in 2005. If soybean rust develops at these sites and the appropriate data is collected, this will be the first evaluation of adult plant resistance in these materials.
The commercial soybean cultivars currently in use throughout the U.S. soybean production areas may be moderately to very susceptible to soybean rust based on a limited number of cultivars that have been tested in containment (13) . In the absence of high levels of genetic resistance to the pathogen, producers may need to rely on fungicides to protect the crop. In order to reduce this expense, incorporation of rust resistance into commercial soybean cultivars from sources identified in this and other research is imperative. The sources of resistance identified in this research may provide the resistance genes needed for future development of soybean cultivars with soybean rust resistance.
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